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ABSTRACT

———— g —

A horizontal cylinder, located near the floor of a two
dimensional wave channel was subjected to a train of non-
linear gravity waves. The horizontal and vertical fofces
)~ were measured and presented in dimensionless form. Experi-
E, mental values of horizontal and -vertical force coefficlents

y, are presented as functions of dimensionless wave height and

b

dimensionless wave period. The dimensionless force coeffi-

cients predicted by a modified Morrison eguation and a

ey

Froude-Krilov force are compared to experimental data.
Fluid particle veloecity and acceleraticn values were calcu-
lated ffom Stokes fifth-order gravity wave theory. Experi-
mental dimensiorless wave periods from 10 to 200 were
investigated.

The horizontal force coefficients were found to vary

P

“
oo

b i

linearly with wave height for dimensionless period values
from 60 to 120. The vertical force coefficients were

found to be inertia dominated at low dimensionless wave
heights and dominated by a 1ift force at higher wave heights.
The theory predicted experimental values of force coefficlents

with good accuracy, especially at greater water depths.
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I. INTRODUCTION

Exploration for and use of ocean resources has received
increasing attention in the sclentific community in recent
years. A considerable effort has resulted in the development
of technology in areas such as off-shore oil exploration,
recovery of-petroleum-and-deployment of..underwater habitats.
0il producticn often involved the use of very large submerged
oll storage tanks and associated piping systems. In some
locations, oil is fransferred long distanccs in submerged
pPiping systems, often leading through the surf zone to
facilities ashore. 1lso, waste diiposal systems usually
involve.deployment of large diameter outfall pipes which are
laid throush the surf zone. Proposals for large scale mining
and food gathering activitlies indicate the trend toward
design and construction of large submerged structures.

This activity has generated considerable interest in Tle
interaction of gravity waves with submerged objects and
particularly in the forces induced. Most previous investi-
gations [1,2,3] in this area center on the use of a so-called
Morrison Equation [3], which involves both a drag arnd iner-
tial component of force. Unfortunately, the drag and added
mass coefficients are found to be neithier constant nor
simply shape - or Reynolds number - dependent iIn the unsteady
flow that occurs in the interaction of waves with fixed
bodies. In addition, where the amplitude of wave motion is

large compared to the body dimensions, flow separation occurs,

v '%ﬁ%mwjzﬁmlwglw“ﬂkakm
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and the coefficlents vary as the flow in a given direction

develops. Finally, for small depth to characteristic dimen-

sion ratios, the proximity of the free surface may influence
the value of the ccefficients, even if no flow separation
occurs.

In spite of these difficulties, the Morrison Equation
willl, with certain restrictions, provide a complete descrip-

tion of the horizontal forces acting on a large horizontal

cylinder in contact with a plane boundary. If the cylinder

is large in comparison to the amplitude of the fluid motion,
separation does not occur, and the resulting wave-induced

oscillatory flow may be considered an unseparated potential

flow about the cyiinder. This has been verifled by Kuelegan

and Carpenter [2] and by Sarpkaya and Garrison [4]. For

such cases, the drag component of force is negligible, while
the added mass coefficient 1s a constant.

Application of the Morrison Equation to determine the
vertical components of fecrce for a bottom-mounted cylinder
ylelds a vertical force component of zero, an obviously
invalid resu}t. It 1s recognized that the vertical forcg
should be composed of two components; one assoclated with
the inertia effects and a second whiph accounts for the 1ift
force caused by the increased velocity and hence decreased
the pressure over the top of the cylinder.

The inertial component of vertical force can be approxi-

mated by what is commonly known as a Froude-Kriiov force.

This i1s the force caused by the pressure distribution around
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the surface of the cylinder existing in the wave if the
cylinder was not present. This is an apprcximation which
does not account for the presence »f the body and is
therefore considered to be an und<restimate of the force.

The 1ift component of vertical force can be approximated
by use of the unseparated, potential flow model used in the
analysis of the horizontal forces, i.e., that of a uniform
flow past a cylinder in contact with a rigid boundary. The
1ift coefficient for this case has been determined by Dalton
and Helfenstein {5].

A study carried out by Johnson [6] for horizontal forces

acting on a bottom-mounted, horizontal cylinder in long waves,
~ assumed that at long wave lengths, ihe horizontal forces

depended on wave height and water depth only. This assumption

is, however, of doubtful validity ir the range of Johnson's

test.

Shiller [7] measured wave forces on a submerged horizontal

cylinder due to small amplitude waves. Over the range of
wave heights considered, the magnitude of the horizontal
force-was found to vary linearly with wave helght. The

magnitude of the vertical force was found to increase in

proportion to the wave height squared.

Perkinson [8] extended Shiller's investigation to include

larger wave heights and periods. His study indicates that
horizontal forces increased linearly with wave heights and
becomes independent of wave period for large wave periods.

The vertical forces were found to contain twc regimes: the

11
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lower wave lengths where 1ift force predominates; and the

higher wave lengths where inertial force is dominant.

In order to evaluate any forces using the above analyses,
it 1is necessary to first evaluate fluid velocitles, sccelera-
tions and pressure by use of some wave theory. Fairly simple
expressions may be derived for the forces by use of Aliry wave
theory. However, for finite amplitude waves in finite depth

water, a non-linear wave theory is considered fo be necessary.

Stokes fifth-order wave theory has been chosen. for this

study.

DY o

Stokes originaily developed a second-order theory [9] for
the case of a non-linecar wave in water of finite depth. This
method has been extended by Borgman and Chappelear [10] to
third order. Skjelbreia and Hendrickson [11] have extended

the solution to third and fifth order. Bretschneider [12]
has presented a method for extension to any order. .
The purpose of this study 1s to compare the analytical

results ¢f Stoke's Tifth-order wave theory with experimental

o PR DALY

values at longer wave periods. The transifion section of the

dll

wave channel used by Perkinson was extended approximately

P

b

forty feet to provide a slope of 1:20. This provided the -

i

possibility of extending Perkinson's work to include longer

il

wave periods. This study, then, is an extension of the

work of Shiller [7] and Perkincon [81.

12
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II. THEORETICAL ANALYSIS

A. PRCBLEM DEFINITION

The problem under consideration is illustrated in Figure

1. A train of gravity waves is considered to progress in

the positive x-direztion in water of depth h, with rate of

propagation C. The fluld particle velocity is expressed in

terms of the horizontal and vertical components, u and v. It

is of primary interest tc determine the horizontal and
vertical components of wave force acting on the hLorizontal

cylinder which is in contact with the rigid bottom.

B. DIMENSIONAL ANALYSIS

An exact analytical solution to this problem is quit=

formidable and, therefore, an approximate solution is con-

sidered in this work. However, first it is instructive to

carry out a dimensional analysis of all pertinent parameters
involved.

In general, th: maximum of the wave force per unit

length acting on a submerged cylinder due to wave motion is

known a griofi to depend on the following parameters:

Fmaxlz = fl(h,H,T,L,a,p,g,u) (1)

where
P = wave force
h = water depth
H = wave height
T = wave period
L = wave length

13
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cylinder radius

fluid density
gravitational constant
fluild viscosity
cylinder length

T R © P
1

T

the following groups:

V"'lﬂ‘;FiﬂI‘l'i|fyfFJi?Illll'|§'yﬂﬂ\':‘“","1EUWNWI,II,W\M}“W'||[Mmmuwm-lwmumnunm AR

Bo.= f3(g'r2/h, fi, b)
where F = F fpgaaz
max max’
H = H/2a
3 h = h/a

parameters, and

cating the ratio of viscous to inertial forces.

However, a relationship exists between the parameters

associated with the incident wave (i.e. h,H,T and L).

1Y

Consequently, only three of these parameters (e.g. h,H and
T) are needed to completely specify the incident wave. A

dimensional analysis of the parameters in equation (1) yileids

R /pgalt= £,(aT°/n, b/a, H/za, w2 Vena?) (2)

f i The last term on the right side of equaticn (2) repre-
2T sents the ratio of Froude number to Reynolds number, indi-
It is
believed that, if this number 1s small, it may be neglected

from further consideration, and equation (2) may be rewritten

(3)

The approximate analytical approach of this study seeks:
1. To develop e;pressions for the fluid particle motion
in the gravity wave as functicns of the incldent wave

T T T

Py

o

[T

A

%W@lm mmm ‘HWW%WWEMW“WWW (A 2

i

A

i

0




2). To develop expres-ions for the forces on the sub-

merged cylinder as functions of the fluid particle

motion.
assumptions upon which this anaiysis is based are:

1). Water will be considered inviscid and incompressible,

2). The cylinder radius will be ccnsidered small in

E
comparison to the dimensions (h and L) of the

U b

; =
incident wave.

C. WAVE THEORY
The motion of fluid particles in a gravity wave based on

P

assumptions 1) and 2) above is specified by the following

boundary value problem.

i 1|§M1\‘([w "y WM‘“"”“”"’MW‘

ki

1). Governing Ecuation
Assumption 1) implies that Laplace's Equation

governs the fluid motion. That is:

(l4a)

where ¢ is the velocity potentlial and the two velocity

components are given in terms of ¢ as
aed, o= (4b)

2). Boundary Conditions
The boundary condition on the bottom 1s that of a

non-porous wall, i.e.,

.a - 8-'
;g; 0 at y = <h (5)

16
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Two boundary condlitlions are encountered at the water

surface, one dynamic and one kinematic.

The dynamic boundary condition s obtained from

Bernoulli‘s Equation by setting the pressure equal to zero.
That 1is:

u2 +ve + 2%%: 2g(l - y) aty=n (6)

where I i1s the total energy head, a constant.

Assuming the wave travels without change in form, it is

then possible to choose a reference system moving in the

positive x direction with wave celerity C. This makes the

fluid moticn steady with respect to the moving reference

system. The Bernoulli Equation in such a reference system

is:

(u-¢)2 +v2 =2g(M~-y) aty=n N

The kinetic boundary condition imposes the condition that

nc fluid be transported across the free surface.

Or, in
other words, the free surface must be a streamline. This may
be expressed mathematically in the form:

3y - _V =
ax u-=C at y n (8)

Equations (4a), (5), (7), and (8) completely specify the
boundary value problen.

There are, historically, several approximate solutions

to this rroblem. The solution to be considered further in

this analysis is that commonly known as Stokes fifth-order
wave theory.

17
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D. STOKES FIFTH ORDER SOLUTION '

Stokes proposed [9] a power series type of soiution to
the above problem and prcved the validity of the second order
solution based on this power series. Skjelbreia and
Bendrickson [9] have extended this theory to fifth-ordei-,

yielding a solution to the bcundary value problem of the

form:
¢ = £1a,c0sh(S)s1ng + A,cosh(285)sin(26)
+ A3cbsh(388)sin(38) + Aycosh(483)sin(4e)
+ Agcosh(585)sin(56)} ' (92)
where A

1 through AS are as given in Appendix A.

This equation may be written in dimensionless form as:

é = ci{a cosh(B8S)sing + A.cosh(28S)sin(28)+...}
1 2 (9b)
where: ; = gé/\/gh
c=c/\en

Differentiation of equation (9a) with reapect to time
yields

%% = CZ{A cosh(8S)cos8 + 2Azcesh(2as)cos(29)
+ 3A3cosh(388)cos(36) + hAucosh(hBS)cos(ka)

+ 555cosh(sss)coé(se)} (102}

18
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or, in dimensionless form
g% = Ez{alcosh{ss}cos(e) + 24,cosh(28S)cos(28)
+ ...} (10b)
where %%-= %%-IJES
Th; series form of the wave profile is assumed to be:
y = %—Ucos{S) + B,cos(208) + B3cos(39)

+ Bncos(ﬁa) + Bscos(se)} (112)

where 52 trrough B5 are as given in Appendix A and A is an

arbitrary constant.

Equation (11a) can be expresseﬁ in dimensionless form

as
¥ = 2{2 cos(e) + Bycos(28) + ...} {(11b)
a
where y = y/d
d = 2sh/L

The series form for E 1s assumed to be:

1.,2
K= E{l C3 + xacg} (12)

b

where C? gy cn are as given in Appendix A.

The wave celerity expressed in series form is

2. -+ ANC, } . (13a)

¥ o2
C = 3 80{1 + i 1

13
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or, in dimensionless form

2

= 2
C = Co{l +12°c, + Ancz} (13b)

Qut |4

where Cl and 02 are as given in Appendix A.
Using equations (4b) and {(9b) we find the horizontal
h' particle velocity to be:

L u = (aé) c{a Ac cosh(B8S)cos(8) + 2ﬁzcosh(2as)cos(29)

é + 3A3cosh(383)cos(3e) + Qﬁhcosh(ﬁss)cos(he)

+ SAScosh(SBS)cos(Se)} (14)

where u = u/Afgh
Also, from equations {lib) and (3a):

v = (%%) = E{Alsinh(ss)cos(e) + 24.sinh(28S)cos(28)

2
+ 3A3sinh {38S)cos(38) + ﬁﬁgsiﬁh(ﬁss)cos(ae)

+ Shssinh(533)ccs(59)} (15)

where v = v/\Vgh
Differentiatior of equations (13) and {i5) with resp-ct

to time yields the particle zcceleratiors

-

a, = 3D = 3c®(a, s1nn(8S)sin(8) + 24,s1nh(28S)sin(26)

2
+ 38 sinh(38S)sin(38) + ¥4,sinh(48S)sin{Ze)

+ sa5s1nh(§ss)sin(59) (16)

-~
-

wherse a = a,/g

B U ——

SRV A A, B8 i i

e

A, n
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and
Ey = EEZ{Alsinh(BS)cos(S) + 28,51inh(28S)cos(26)
+ ...} {(17)
where ay = ay/g

The potential function and it's derivatives, as well as
the wave prcfile are-now-known in terms of the unknown
quantities X and a. Specifying equations for these parameters

are found by developing equations for the peak-to-trough

A

4
wave helght and the wave period. That is, the dimensicnless

W

wave height is defined as:

Ha = Yoo ~ §c=w (i8)

where Ha = H/h '

Substitution of eguation (13b) into equation (18)

yields:

tE e

<, 5
H = 20 + 13333 + 22(Byg + Bgg)) (19)

Q ‘»LM

where 333, 335, and BSS are as given in Appendix A.

T
PRI 1y

Now, the wave period and the wave celerity are related

by the relationship:

T
et W Mo OB Dt 0 gt

¢= L7 (20)

§ . So, equation (15a) becomes

£ (1/7)° = g1 + 1231 + xncz} (21)
8

21
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2 h/gr? = —8_
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The parameter gTz/h is referred to herein as the period
paranmeter.
r Equations .19} and (22), if solved simultaneously, yield
values for 4 and d in terms of HAd and gTz/h, quantities which
are incident wave parameters. Thus the potential funetion,
particle velocities and accelerations are shown to be functions
of the dimensionless parameters obtained by dimensional
analysis and given by equation (3). (Note thzat HA = 2B/h)

The next step in the analysis is to express the forces

- - acting on the cylinder as functions of the pétential function,

g

particle velocities and accelerations.

-
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E. FORCES ON THE CYLINDER

The forces acting on the cylinder are described in terms

of their horizontal and vertical components.

1). tlorizontal Component

e

The horizontal component of force acting on the

cylinder is expressed in the form of the so-called Morrison

AN AR A

T3 T

T L L e

Equation as.

p 2 2
F, = 5{(p2aiu®) + (1.0 + Cy)wa“ta_ (23)

- where CD = drag coefficient

(2]
"

» added rmass coefficient
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A

For cases where fluld particle motion is small in
comparison with the cylinder diameter, flow separation does
not occur and the contribution of drag to the total force

may be disregarded. In this case, equation (23) may be

rewrlitten
F_= (1.0 + Cy ), (24)
where F_=F /pgaaz.
X x

The added mass coefficient for a circular cylinder in
contact with a rigid wall was given in closed form by
Garrison [13] as Cy = 2.29.

2). Vertical Force Component

" As mentioned previously, application >f the Morrison

Equation to the vertical component of force yields a result
which is clearly erroneous. The vertical force may be
considered to arise from two sources: an inertial force
and a 1ift force.

a). Lift Force

The 1ift force may be expressed as:

B = 1/2(2a£p)CLu!u| (25)

where CL = 1ift coefficient.

or, in dimensionless form:

F

L = Bepulul _ (26)

- 2
where FL FL/pga L.
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Dalton and Helfstein indicate [7] that CL=Q.R9
) for unseparated flow past a circular cylinder in contact
f ' w#ith a rigid wall.

b). 1Inertial Force

The pressure distribution around the surface of
} the cylinder existing if the cylinder is not present results
in é net vertical force (known as a Froude-Krilov force).
; Consider the resultant differentlial force 4F

i
acting on a differential area of the cylinder dA as shown

in Figure 2. The above equation, written in dimensionless

form, is:

- an
F, = | P(a,y)sinydy (30)
1 . - L 0 .

The pressure is obtained from the Bernoulli Equation:

P = —pizu® + v3) + 38 . (31)

or, in dimensionless form:

~

P = -h[2@2 + 73 + (& (32)
. 2 3t
where ~ P = P/pga
Therefore
: O A B ST N Y'Y
! Fy, = -h J[5(u® + v°) + (538)Isinyay (33)
- 0 7
g And the total vertical force may be written:

2n Y
O T 122 , =2, . 3
Fy = hiC;uluf - é [3(u® + v°) + (5%0131n7d1%
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r F. DISCUSSION OF COMPUTER PROGRAM
i The equations developed above were programmed for a
? digital computer as given in Appendix D. The basic inputs
: to the program are ﬁ, h and gTz/h. The program yields é
particle velocity, acceleration and computes the horizontal
and vertical forces on the cylinder at various wave angles.
The STAKESS -subreutine calculates .the coefficients for
the Stokes fifth order equations. Simultaneous solution
to equations (19) and (22) are obtained by assuming an initial

value of A and d based on linear wave theory and iterating

ST

to the actual value using the Kewton-Rapison techq}que. %

ST e

The main program generates tzbles of values and in-line

graphs of the wave profile, particle velocity vs. depth,

ot ;‘ R g

vertical and horizontal force vs. phase angie.

Gt
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ITI. DESCRIPTION OF APPARATUS AND
EXPERIMENTAL PROCEDURE

o
A. WAVE CHANNEL :

Wave forces on the cylinder were measured experimentally

in a wave channel. The basic wave channel, as shown in

Figure 3, was fifteen inches wide and consisted of two sec-
tions: a transition section and a shaliow water section.
The overall channel length was 87 feet.

Three-quarter inch exterior plywood sheets were used for
the chanrnel sides.

|
H
H

Vertical rigidity was provided by bracing

the plywood sheets with 2xki's at various intervals. The

vertical members were placed four feet on centers in the

o f:
[T — TP

shallow water section and from four feet to eighteen inches

in the transition section. Additional rigidity was provided Eo

[—

in the transition section by truss arrangements, as shown

in Figure 4. Two 2xli‘'s were attached to the top of the

vertical studs and extended the length of the channel.

A double floor constructed of two plywood sheets with

two half-inch separators was used. The slides of the channel

were bolted together, through the spacing of the double
oottom, with three-eights inch threaded rod.
All wooden sections exposed to water were water-proofed

and painted with three coats of Morewear Vitri-Glaz 1320A.

l.’ i TEWWWWmﬁﬁWWi!lW"Jﬂ!liHi!iIIll!|lIL'||M‘,iﬂ!WwlnmIml||uutliltlmlum‘.luwuu:mwuum. ottt
m I’

Dow Corning Sealant 780 was applied to all seams and joints.
A paddle type wave generator was used to generate waves

in the channel. An aluminum plate was hinged at the tank

27
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Fig.4

TRANSITION SECTION TRUSS ARRG'T.
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floor and attached by a pin conrnection at the top to a driving \
rod. Wave motion behind the paddle was damped by use of

baffle plates. A two horse power variable speed drive, with

an output speed range of twenty to one hundred eighty revolu-

tions per minute, was mounted on top of the wave channel and

fitted with a six and three quarter inch radius face plate.

Ways were attached to the plate to adjust the driving rod
eccentricity between zero and eight inches.

The transition section contained a ramp with a slope of
1:20 which shoaled the generzted wave with a change in depth
from four tc two feet. The overall length of the transition
section was 42 feet.

The shallow water section had a depth of two feet and
an overall length of 42 feet. The test moduie was located
twenty four feet from the transition, allowing the waves to
reach a fully developed state following the transition before
reaching the test section.

A variable slope dissipater beach was located at the end
of the test sectlion in order to dissipate the wave motlon.
The beach was constructed of metal shavings held betweer. two
pleces of perforated stainless steel sheet metal, which were

separated by two inch wooden spacers. A sclid sheet of one-

S st s s o2

eighth inch aluminum was attached to the bottom of the beach

=

by three and five eighths inch separators. Jne by one inch
aluminum angles were attached to the exnosed surface of the
beach, paralleli to the wave fronts. Maximum slope of the

beach was 1:7.

30




B. TEST MODULE

The test module consisted of the circular cylinder with
its own floor and walls, constructed as an integral system
to provide easy removal of the model from the tank. The wave
channel sides and floor were recessed to provide a smooth

transition from channel to test module. The channel walls

were made of plexiglass in the test module region to za2llow
maximum visibility of the model. The test module is shown
in Figure 5.

A four inch diameter plexiglass cylinder was supported
between the walls of the test module by use of cantilever
beams and adjusted to approximately one-sixteenth inch above
the fioor. A thin flexible plastic barrier was installed in
this gap to prevent any water motion under the cylinder due
to wave motion. The barrier was held in place by '0' ring
material pressed into 0.007 inch slots in thke cylinder and
test module floor.

The cantilever beams were used to support the cylinder,
&s shown in Figures 6 and 7. Bulkheads'were fixed in the
cylinder at approximately two inches from each end, 2nd the
fixed ends of the cantilever beams bolted on these bulkheads.
The free ends of the two beams protruded slightly beyond the
end of the cylinder and into the plexiglass test module walls
where they were supported by small self-aligning ball bearings
pressed into the plexiglass. Both beams were fitted ﬁi;h
strain gauges and waterproored using BLH Earrier-'C', as
sho«n inr Figure 8.
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One beam, positioned with its largest cross sectional
dimension vertical, was used to measure horizontal force and

the other, with its largest cross section positioned hori-

T W

zontally, was used to measure vertical force. Calibration

tests 1ndicated that cross coupling was negligible.

! Dimensions of the beams were chosen to provide sufficient

flexibility co allow measurement of forces using strain gauges

and sufficient stiffness to provide a natural frequency that
was large in comparison with the excitation fregquency. 1In

: addition, fhe minimum width of the beams was constrained by

the width necessary to mount the strain gauges. A reasonable

trade-off was arrived at by making use of the maximum sensi-

tivity of the amplifier/recorder and determining a maxlimum :

allowable value for the cantile.er beam length.

To prevent rotation of the cylinder, an offset arm was

used to connect the horizontal force cantilever to the test

module. A Farber Bearing, AMS 1K7, was used as a wheel at

the test module end of the aym to reduce friction.

C. WAVE HEIGHT PROBE

. A capacitance type probe was chosen to measure wave
heights in this study.

tne prooe essentially consists of

a single insulated wire which acted as one plate of a capac-

FWIWWHiw%JWlwtmmmaummmm .

i

itor, the water acting as the second plate. The capacitance

TRl

A three-~eighths

varied as the water level rose and fell.
* inch diameter acrylic rod was attached to the bottom of the

foil-like suppert member and the sensing wire was attached

[T
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at the bottom of the acrylic rod and insulated there. The
tip of the acrylic rod was removable to provide easy changling
of the sensing wire. The wire was connected at the top to
a cable connector mounted on a nylon block. Number 30 A.W.G.
wire with poly thermaleze insulation was used.

The schematic‘of the electronic circuit utilized with
this probe is shown in Figure 9._ In this circuit, the
square wave output of a multi-vibrator 1s used to drive a
capacitance bridge, one leg of which 1s varied by the wave
height rrobe. The resuiting AC error signal is converted to
a D.C. output signal by the full wave rectifier. The output
signali was found to be insensitive to small multivibrator
frequency changes and linear through the range of the wave
height probe. A model LD 5211-13 Brush D.C. amplifier was
used with the probe circuit.

D. TEST PROCEDURE

Calibration of the probe was conducted with the tank
filled to the desired level and the test module and wave
height probe 1in position. With the probe immersed to a depth
of nine inches, the amplifier galn was set at desired sensi-

tivity and the recorder pen bias adjusted to position the

recorder to mid-scale. The probe immersion was varied over

a seven inch range in half inch increments, using a traverse
mechanism. This initial calibration was checked at several

points before and after each set of runs.
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The force cantilevers were rated by loading the
cylinder with a series of wed “uts, using a pulley arrange-
ment shown in Figure 10, The load was transmitted to the
cylinder through a series of tappsd holes located around the
circumference at positions horizontally fore and aft, and
] vertical. The Brush recorder output was calibraged by loading
{ the cylinder in half-pound increments. This calibration

was also checked prior to and after each series of runs.

e
s

After calibration was completed, the wave generator speed
was set for the desired wave length and a data run commenced.

During each run, wave generator eccentricity was varied from

one inch to eight inches, or to a polnt where the waves

.

broke in the channel.
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IV. PRESENTATION OF RESULTS AND CONCLUSIONS

? As discussed in the theoretical analysis, dimensionless i

wave force coefficients can be represented as functions of

et n @ e

the dimensionless water depth (h/a), the dimensionless wave

height (H/2a), and dimensionless period (gTZ/h) parameters.

P p—

A test program-was developed which, for .a given run, held

o P A 00

water depth and period constant while varying wave height,
in order to determine the effect of the dimensionless param- ]

eters on the horizontal and vertical force coefficients.

W A

Four series of experimental runs were conducted at relative
water depths of 9.0, 7.0, 5.5, 4.0.

F: ) The dimensionless wave period parameter was varied for
each series over a range of 100 to the maximum value attain-

able with the ex, 'rimental apparatus. The upper limit in

wave helgi.. was usually provided by breaking.

A §eries of representative traces are shown in Figures

11, 12, 13 and 14 due to the difficulty in presenting all
the traces. These traces represent experimental data for

three dimensionless periods from each of the four dimension-

miwm|‘mu;uIh‘W[I“M'W‘mwwmw"W"’v 1l W 5 W g

=

less water depths. The uppermost trace in each run repre-

sents wave height, the middle trace represents vertical

AP e L e e e

i

“
ik

n’

force and the bottom trace represents horizontal force. The

experimental values of the force coefficients for each

i

experimental case are given in Appendix B.

Using the dimensionless period, water depth and wavehelght

as inputs, the computer program was used to generate

; , 41
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corresponding theoretical values of the force coefficients

for each experimental case.

This provided z comparison
between experimental and theoretical values for each run.

Plots of experimental and theoretical values for maximum
horizontal and vertical force coefficients as a function of
wave height for each period and water depth studied are
’ included in Appendix C.

Experimental results and theoretical computations
i

indicate that, at the lower values of dimensionless periocd

and wave height studied, the wave may be characterized as a
linear wave. The horirontal force was found to vary sina-

soldally, and increasel linearly with wzveheight. The
vertical force varied approximately as a negative zcosine

function in this region, having its maximum value in the wave
1 ) trough. The magnitude of the vertical force coefficlent
3

was found to vary approximately as the waveheight squared.

These characteristics are shown most clearly in runs Kumber

B4 through 47, 71 through 7% and 93 throughk 95 in Appendix C.
As the relative period and wave height increased, the

wave displzyed the sharper peaks and longer, shallower troughs

that are characteristic of non-linear gravity waves. The
horizontal force, propertional to the fluid particle acceler-

ation, tended to reach maximum values closer to the wave

peaks, but still remained symmetrical, with respect to the

wave crest, as indicated by the theoretical traces.

BTt e

i
I

The
theoretical znalysis prciicted a phas. lag between the wave

—

crest and the maximum force as small as 2h° at the higker
wave heights.
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The vertical force component began to display positive
values oczurring at twice the frequency of the wave peaks,
as shovn in the experimental traces, Figures 11, 12, 13, 14.
This is explained by the increasing importance of the 1ift
component of vertical force, which, theoretically, is similar
to a cosine squared function. t extremely long periods, the
1ift force is clearly dcminant, and the maximum force no
longer occurs in the middle of the wave trough. The maximum
vertical force occurs when the cylinder is under the wave
crests where the velocity is greatest.

At large periods and wave heights, a point is reached
where flow separation effects are no lorger negligible. This
is seen most clearly in the vertical force component, whose
value becomes suddenly lower than the theory predicts, though
still varying as the waveheight squared. This sudden drop
in 1ift is apparently caused by a corresponding decrease in
the 1ift coefficient resulting from flow separation. This
phenomenon is most clearly evident in the graphical presentation
of runs 51 through 56, and 71 through 73 in Appendix C.

15. Horizontal Forces

As previously mentioned, the horizontal forces

tended to be nearly sinusoidal in nature with 2 maximum value
which is gquite linear with wave height. It is therefore
possible to characterize the horizontal force coefficient
by it's maximum value (F /pgazz). The variatior. in the
horizontal force coefficient with dimensicnless wave height

is shown graphically in Appendix C.
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The experimental values of horizontal force are seen
to vary linearly with wave height for reiative peri.d param-
} eter values from i00 to 120. For relative period values
greater than 120, the force coefficient varies in an increas-

ingly non-linear fashion. This is consistent with the theory,

—~——

as shown in Pigure 15. However, for the range of period
f paramefers studied, the deviation from linearity is relatively
‘ small. It is therefore possible to display the experimental
data in terms of the slope of the force coefficient versus
wave height plots, as shown in Rigures 16 and 17.

The theory predicts the maximum values of horizontal
force coefficients prior to tke wave helgnis where separation

effects become apparent. The discrepancy betweer. theoretical

»
o S BT § G AN T 9l %t B &

and experimental values is due to variation of the added mass
coefficient in a separated flow as well as z net drag force

which is no longer zero.

2). Vertical Forces

As indicated previously, the vertical force displays
two regimes; one inertia dominated and one 1ift dominated.

The maxirmum value of the vertical force coefficient

LT

(F} /pgazz) is seen to vary as the wave height squared
max
throughout the range of data taken. This is shown graphically

%
f
=
=
%
|
|
E
7’1

in Appendix C. For hignher values of relative wave height, i

the magnitude of the vertical force coefficients is less than

predicted by the tkeory, due to separation effects, as
explained above.
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B. CONCLUSIONS _

From the experimental and theoretical results, the
following conclusions are considered warranted:

1. The horizontal forces or: the cylinder, resulting
from the incident gravity waves, increased linearly with
wave height for relative period values less than 120. For
relative period values greater than 120, the force coeffi-
clent was found to vary with wave helght in an increasingly
non-linear fashion.

2. The vertical forces displayed two regimes; one inertia
dominated at lower periods and wave heights, and cne 1liff
dominated at higher values oi these parameters.

3. For high period parameter values, separation effects
can be expected for relative wave height values above 0.6,
resulting in 2 sudden drop in experimental force coefficient
values from those predicted by the theory.

y, Thé theory used in this study provides excellent
agreement with experimental values for relative period (gTz/h)
values from 100 to 200, and prior to the onset of flow

separation.
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APPENDIX A
COEFFICIENTS FOR STOKES FIFTH ORDER WAVE THEURY
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APPENDIX B
EXPERIMENTAL DATA
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TOTAL NUMBER OF RUNS IS 23.

2.160SECONDS,

DATA FOR RUN NUMBER 42,
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TOTAL NUMBER OF RUNS IS 23.

DATA FOR RUN NUMBER 43.
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DATA FOR RUN NUMBER 44,

TOTAL NUMBER OF RUNS 1S 23,
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TOTAL NUMBER OF RUNS 1S 23.

NATA FOR RUN NUMBER 45.

WATER DEPTH IS 8.0INCHES.

1.450SECONDS,
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TOTAL NUMBER OF RUNS IS 23,

DATA FOR RUN NUMBER 47.
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TOTAL NUMBER OF RUNS IS 23,

2.175SECONDS.,

DATA FOR RUN NUMBER 51,
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TOTAL NUMBER OF RUNS 1S 23.

DATA FOR RUN NUMBER 54.
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TOTAL NUMBER OF RUNS 1S 23.

DATA FOR RUN NUMBER 73.
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TOTAL NUMBER OF RUNS 1S 23.
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APPENDIX C. WAVE HEIGHT-FORCE PLOTS
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